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The mammary gland is a derivative of the ectoderm
whose development begins in the embryo and progresses
after birth. The major part of development occurs in the
adolescent and adult animal. Hormones produced by the
pituitary, the ovaries, the uterus, the placenta, and the
mammary gland itself control this process. Over the past
century, surgical, biological, and genetic tools have been
used to gain insight into physiological and pathological
processes in the mammary gland. Originally, endocrine
ablation and reconstitution experiments provided a de-
scriptive framework of the role of ovarian and pituitary
hormones (Halban 1900; Nandi 1958). These experi-
ments demonstrated a clear requirement for the ovarian
steroids estrogen and progesterone for ductal growth and
alveolar development (Topper and Freeman 1980). In pre-
pubescent mice the gland consists of a small ductal tree
that emanates from the nipple into the proximal part of
the fatty stroma, the mammary fat pad (Fig. 1). Upon
initiation of ovarian hormone secretion, the mammary
epithelium enters an accelerated growth phase that leads
to extension and branching of the ducts until they reach
the limits of the fat pad. In response to changing levels of
estrogens and progestins during each estrous cycle, al-
veolar buds are formed from the lateral walls of the ducts
and lost again. At the onset of pregnancy extensive epi-
thelial cell proliferation occurs, leading to formation of
lobulo-alveolar structures and secretory epithelial differ-
entiation. These morphogenetic and cellular responses
are controlled by signaling cascades initiated by proges-
terone (Lydon et al. 1995), placental lactogens, and pro-
lactin (Horseman et al. 1997; Ormandy et al. 1997).
More recently, the availability of transgenic and gene
knockout mice has provided genetic handles to investi-
gate the contribution of the different hormones to the
regulation of cell growth, differentiation, and death in
the gland, and to dissect the corresponding signaling
pathways. Using such gene knockout mice Brisken and
colleagues (Brisken et al. 2000) have now been able to
link progesterone and Wnt signaling to the branching of
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mammary ducts during puberty and pregnancy. Their
studies demonstrate that a nuclear signal is converted
into a secreted signal that can control the fate of adjacent
cells in a paracrine fashion. A genetic understanding of
this and other signaling pathways regulating cell growth
in the mammary gland will improve our ability to ma-
nipulate these processes and thus design strategies for
prevention and treatment of breast cancer.

Tools to investigate signaling pathways

Several features of the mammary gland provide unique
opportunities for experimental manipulations to inte-
grate systemic, local and cell-specific signaling path-
ways. Mice with deletions of different genes have been a
powerful tool to investigate the respective pathways
(Hennighausen and Robinson 1998). However, although
the analysis of null mutants created by standard embry-
onic stem cell-based homologous recombination can
provide valuable information on signaling pathways, this
approach may fail to address the complexities underlying
development of the mammary gland. It is now possible
to delete genes in specific cell types and thus define their
roles in different compartments (Xu et al. 1999). This
technique also bypasses problems encountered with pre-
and perinatal lethality and infertility. The power of ge-
netically engineered mice is further enhanced through
the use of sophisticated surgical techniques that permit
the separation of stromal and epithelial signals. Removal
of the epithelium-containing proximal portion of the
gland at 3 weeks of age renders an epithelium-free fat
pad, which can be implanted with exogenous epithelial
cells, resulting in a chimeric gland composed of tissues
of different origins (DeOme et al. 1959). In this manner
the signaling between epithelium and stroma, a defining
aspect of organogenesis, can be evaluated. This approach
also circumvents fertility problems and allows one to
distinguish primary, cell autonomous defects of a muta-
tion from secondary, systemic hormone effects. This is
particularly important in cases where a mutation also
affects the ovary in addition to the mammary gland (Rob-
inson et al. 1998). Another unique feature of the mam-
mary epithelium, which can be applied to investigate
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Figure 1. (A) Whole-mount analysis of mammary

tissue from 4-week-old virgin (a), 10-week-old virgin
(b), day 11 pregnant (c), and lactating (d) mice. (LN)
Lymph node. All pictures are taken at the same mag-
nification. (B) Schematic drawings of the mammary
fat pad and ductal and alveolar development. A
simple ductal tree occupies the fat pad in the imma-

ture virgin. The fat pad is filled in mature virgins
and substantial side-branching has taken place. Al-
veolar development occurs during pregnancy and is B
completed during lactation. Proteins that control de-
fined stages of mammary development (as deter-
mined in gene knockout mice) are shown below the
corresponding developmental stage. The arrows in-
dicate likely genetic pathways. Although c-myc ex-
pression is induced by progesterone, it is not clear
whether this occurs in MECs. Downstream targets
of Stat5a and C/EBPB in mammary tissue are not

immature

lactating
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known. (ER) Estrogen receptor; (PR) Progesterone receptor; (PRLR) Prolactin receptor. The images are deposited at the NIH HistoBank
(http://histology.nih.gov) and can be viewed under the following accession nos.: mammary tissue from an immature virgin, 1345;
mammary tissue from a mature virgin, 1346; mammary tissue from day 11 of pregnancy, 1347; mammary tissue from lactation, 1348.

cell-cell interactions and paracrine signaling, is its large
capacity for regeneration. Each portion of the ductal sys-
tem contains stem cells that are capable of regenerating
an entire epithelial tree upon transplantation (Kordon
and Smith 1998). By mixing epithelial cells of different
origins prior to transplantation, it is possible to create
chimeric secretory epithelia in mice. Introducing a tag
that can be visualized, such as the lacZ gene, into one of
the epithelial components makes it possible to identify
the origin of individual cells in such mixed epithelial
transplants. This is of particular importance in the in-
vestigation of paracrine interactions between individual
epithelial cells. Finally, the ability of embryonic and
neonatal mammary tissue to develop a full mammary
gland upon transplantation into cleared fat pads of adult
mice provides the opportunity to investigate gene func-
tion in lethal knockout mice (Robinson et al. 2000). Un-
like the Cre/LoxP approach, in which a gene is deleted in
the epithelium at a time determined by the transgene,
this approach evaluates the outgrowth and development
of mutant epithelium.

The progesterone-Wnt connection

More than 100 years ago, Halban observed that ovaries
are required for functional development of the mammary
gland (Halban 1900). As we know now, estrogen and pro-
gesterone are the controlling factors. Whereas estrogen is
required for development of the primary ductal system,
progesterone controls alveolar budding and development
during puberty and pregnancy. Progesterone had been
implicated as a mitogen for mammary epithelial cells
(MECs), which was confirmed in progesterone receptor
(PR)-null mice that exhibited impaired branching and al-
veolar budding (Lydon et al. 1995). Two PR isoforms (A
and B) derived from the same gene by different promoters
have been identified, but their specific functions are not
understood. Perturbation of their ratio by overexpression
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of the A form causes aberrant ductal morphology, more
extensive lateral branching, and hyperplasia, an indica-
tion of the involvement of PR in mammary epithelial
proliferation (Shyamala et al. 1998).

Although it was clear for some time that the PR is
required for branching and budding (Lydon et al. 1995),
little was known about downstream mediators. The first
tip-off that secreted signals conveyed the steroid infor-
mation came from cell mixing experiments. Brisken,
Weinberg, and their colleagues demonstrated that PR-
null MECs (tagged with the ROSA26 lacZ marker) could
form alveolar-like structures after grafting into cleared
fat pads when mixed with PR-containing MECs (Brisken
et al. 1998). Tissue recombination experiments further
demonstrated that the stroma did not contribute to the
growth signaling. Based on these results, a paracrine
mechanism of PR action confined to epithelial cells was
proposed. A recent paper by Brisken and colleagues now
solves part of this puzzle and identifies Wnt-4 as a likely
mediator of this signal (Brisken et al. 2000).

Signaling through Wnt

Wnts are a family of secreted, cysteine-rich glycopro-
teins that function as short-range signaling factors. Wnt
proteins are associated with the cell surface and extra-
cellular matrix (Parkin et al. 1993; Schryver et al. 1996)
and, as such, their effects tend to be spatially localized.
The first mammalian Wnt gene, originally termed Int-1,
was identified at a site of murine mammary tumor virus
(MMTYV) integration in mammary tumors (Nusse and
Varmus 1982). The Int-1 gene exhibited homology to
wingless (wg), a Drosophila segment polarity gene, and
subsequently the name Wnt was chosen for members of
this family. At least sixteen mammalian Wnt genes have
been identified, several of which are expressed in mam-
mary tissue (see below). Wnt proteins elicit a variety of
cellular responses, including proliferation, differentia-



tion, and morphogenesis, and control developmental de-
cisions such as axis formation in Xenopus embryos
(Moon et al. 1997). Indeed, Wnts are now recognized as
one of the major classes of signaling proteins that regu-
late development and cell fate in multicellular organ-
isms. Several excellent reviews have been written on the
subject and readers are referred to these articles for more
details (Nusse and Varmus 1992; Cadigan and Nusse
1997; Moon et al. 1997; Dale 1998; Nusse 1999). Here we
shall only briefly summarize the major Wnt signaling
pathway that has been proposed from genetic studies in
Drosophila and Caenorhabditis elegans, and molecular
experiments performed in vertebrate systems.

The action of Wnts on target cells is mediated by bind-
ing to the frizzled (Fz) group of transmembrane receptors,
of which there are at least eight members in mammals.
The immediate downstream component of the signal
transduction pathway is disheveled (Dsh), an intracellu-
lar protein that may directly interact with Fz receptors.
The target of Dsh is glycogen synthase kinase-3 (GSK-3),
which is homologous to the Drosophila protein encoded
by zeste-white3. GSK-3 is believed to be constitutively
active and functions to inhibit the Wnt pathway in the
absence of Wnt signals. GSK-3 phosphorylates B-catenin,
which enhances B-catenin turnover by a ubiquitin-me-
diated degradation pathway. In response to Wnt signals,
GSK-3 activity is inhibited, leading to stabilization of
the B-catenin protein. One of the targets of B-catenin is
the transcription factor TCF, an HMG-box DNA-bind-
ing protein. Multiple TCF family members exist in
mammals, including TCF-1, LEF-1, TCF-3, and TCF-4.
B-Catenin forms a complex with TCF, converting it from
a transcriptional repressor to an activator and thereby
stimulating the expression of target genes. Although the
genes in mammalian cells that are activated by TCFs in
response to Wnt signaling are not well characterized, the
c-myc proto-oncogene is one target that may mediate
proliferative responses to Wnt signals (He et al. 1998).

Wnts and mammary gland development

The observation that Wnt-1 and Wnt-3 were activated by
a MMTYV provirus in virus-induced mammary carcino-
mas suggested that Wnt signaling can control the growth
and differentiation of MECs. Although neither of these
genes turned out to be expressed in the normal mam-
mary tissue, other Wnt genes are expressed and differen-
tially regulated during mouse mammary gland develop-
ment (Gavin and McMahon 1992; Buhler et al. 1993;
Huguet et al. 1994; Olson and Papkoff 1994; Weber-Hall
etal. 1994; Lane and Leder 1997). Wnt-4, Wnt-5b, Wnt-6,
Wnt-7b, and Wnt-10b transcripts are detected in the ep-
ithelial compartment at various stages of development.
Wnt-4, Wnt-5b, and Wnt-6 mRNAs are induced during
pregnancy and decrease after lactation has commenced.
Wnt-10b expression occurs beginning at very early stages
in the mammary rudiment and continues into puberty
(Lane and Leder 1997). Wnt-2, Wnt-5a, and Wnt-6 are
detected in stroma at a stage preceding ductal outgrowth
(Webber-Hall et al. 1994) raising the possibility that one
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or more of these Wnt family members are candidates for
mediating epithelial induction by the stroma. At pres-
ent, however, specific functions in mammopoiesis have
yet to be demonstrated.

Experiments to address Wnt function in MECs have
involved primarily ectopic expression of Wnt genes, ei-
ther in transgenic mice or by making use of recombinant
retroviruses to infect cultured epithelial cells followed
by transplantation into cleared fat pads of recipient fe-
males. Transgenic mice containing the Wnt-1 gene un-
der control of the MMTV-LTR exhibited a hyperplastic
epithelial phenotype (Tsukamoto et al. 1988). The ducts
of virgin animals displayed side-branching that had some
resemblance to that of early to midpregnant females.
The effects on mammary epithelium were also observed
in males, indicating that Wnt-1 can override the female
hormonal requirements for at least some aspects of duc-
tal morphogenesis. The role of another Wnt gene, Wnt-4,
in promoting ductal morphogenesis was examined using
retroviral gene transfer into MECs and tissue reconsti-
tution from the modified cells (Bradbury et al. 1995; Ed-
wards 1998). Implanted epithelial cells expressing ecto-
pic Wnt-4 formed ducts with extensive side-branching
that was reminiscent of the branching seen in glands of
pregnant animals. Indeed, Wnt-4 caused ductal arboriza-
tion that more closely mimicked the structures in glands
of normal pregnant mice than did Wnt-1-expressing tis-
sue, supporting the notion that Wnt-4 may be the physi-
ological signal that stimulates ductal morphogenesis
during pregnancy.

Progesterone activates paracrine Wnt signaling

Although the aforementioned properties of Wnt-4 indi-
cated that this factor may be involved in hormonally
induced morphogenesis of the mammary gland during
pregnancy, direct proof of this hypothesis required ge-
netic analysis of mice carrying a targeted disruption of
the Wnt-4 gene. This approach, however, was compli-
cated by the fact that Wnt-4-deficient mice die perina-
tally as a result of renal failure (Stark et al. 1994), which
precluded any direct assessment of Wnt-4 function in
postnatal development of the mammary gland. The ex-
periments by Brisken et al. (2000) now demonstrate con-
vincingly the contribution of Wnt signaling in mediating
the morphogenetic response of mammary epithelium to
hormonal cues received by the mammary gland during
pregnancy. Specifically, their studies link the progester-
one signal, acting via its nuclear PR in epithelial cells,
with expression of the Wnt-4 gene, whose product then
serves as a paracrine signal to induce ductal side-branch-
ing.

To elucidate a connection between Wnt and progester-
one in ductal side-branching, mice were generated that
either contained or lacked a functional PR gene but ex-
pressed the MMTV Wnt-1 transgene. To ensure normal
PR function in other tissues, mammary epithelium from
these mice was transplanted into cleared fat pads of
PR*/* recipients. Compared to control transplants, in-
creased side-branching was observed in the ducts of
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MMTV Wnt-1'¢ transplants, irrespective of whether the
graft expressed a functional PR protein. These findings
demonstrated that Wnt signaling functions downstream
of PR. Wnt-1 acts in a paracrine fashion to induce
branching, as shown by transplanting MECs derived
from MMTV Wnt-1"¢ mice, together with MECs from
ROSA 26 mice, which express a lacZ transgene. Blue-
stained wild-type cells that were adjacent to unstained
(i.e., Wnt-1-expressing) tissue in the chimeric trans-
plants also exhibited increased side-branching, demon-
strating that the Wnt-1 protein can act over short dis-
tances to elicit morphogenetic effects in nonexpressing
cells.

The key experiment to assess the role of Wnt-4 in-
volved transplanting mammary buds from Wnt-4~/~ em-
bryos into wild-type recipients and evaluating the ductal
structures that developed in virgin and pregnant ani-
mals. No defects were apparent in transplants analyzed
in virgin mice, demonstrating that Wnt-4 is dispensible
for development of the ductal tree preceding pregnancy.
However, when analyzed at day 12 of pregnancy, the
mutant implants displayed reduced branching in com-
parison to wild-type grafts, as would be expected if
Wnt-4 functions as the morphogenetic signal mediat-
ing the response to pregnancy hormones. The link be-
tween hormonal signals and Wnt-4 expression came
from in situ hybridization experiments that colocalized
PR and Wnt-4 transcripts in luminal epithelial cells. Fur-
thermore, Wnt-4 expression was induced by progester-
one in ovariectomized animals, and Wnt-4 RNA levels
were reduced in PR/~ epithelium. These experiments
show that progesterone/PR activates expression of the
Wnt-4 gene, although it remains to be established
whether this occurs by a direct or indirect mechanism.
In this regard, it will be important to determine whether
the Wnt-4 promoter contains binding sites for PR that
mediate progesterone-induced transcriptional activa-
tion.

The Brisken study resolves some previous questions,
while at the same time raises other important issues. For
instance, what are the roles of other Wnt genes that are
expressed in mammary epithelium? Wnt-5b and Wnt-6,
which are induced in epithelium during pregnancy, ap-
parently do not substitute for Wnt-4 in eliciting ductal
side-branching at day 12 of pregnancy. However, at later
stages of pregnancy branching was observed in Wnt-4-
deficient glands, suggesting that other Wnts may become
expressed and mimic the morphogenetic effects of Wnt-
4. Whether Wnt-5b and Wnt-6 are likely candidates for
this activity is unclear, since neither factor significantly
induced branching morphogenesis in retroviral gene
transfer/transplantation experiments (Bradbury et al.
1995). Many of the transgenic and retroviral studies
merely evaluate mammary structures on the level of
whole mounts, and it is necessary to assess functional
differentiation using molecular markers, such as milk
proteins. Another issue concerns the functions of Wnt
genes expressed in the stromal compartment. It is not
known whether they have a role in inducing ductal out-
growth or branching. Answers to these questions should
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be forthcoming as knockout mice are generated for ad-
ditional members of the Wnt family.

Although Wnt-1 can elicit ductal side-branching, its
morphogenetic effects are not identical to those of Wnt-
4, the natural inductive signal in mammary epithelium.
Moreover, Wnt genes differ in their capacity to transform
C57MG MECs (Wong et al. 1994). Wnt-1, Wnt-3a, and
Wnt-7 are strongly transforming, Wnt-5b, Wnt-6, and
Wnt-7b display low but detectable transforming activity,
and Wnt-4 and Wnt-5a, which are normally expressed in
these cells, do not induce transformation. Similarly, dif-
ferent responses to individual Wnts were observed in sta-
bly transfected and transplanted HC11 cells, a clonal
mammary epithelial cell line derived from a mid-preg-
nant mouse mammary gland (Humphreys and Rosen
1997). Thus, the various Wnt family members can exert
differential effects on the growth and morphogenesis of
MECs. These observations prompt questions about the
basis of the Wnt signaling specificity. It will be instruc-
tive to determine which Fz receptors are expressed on
MEC:s, as different Wnts might bind to distinct recep-
tors. Alternatively, Wnts could activate different signal-
ing pathways through the same receptor, perhaps by dif-
ferential interactions with coreceptor proteins, and
thereby elicit unique cellular responses.

The genetics of budding and branching

The progesterone-Wnt pathway is only one of the paral-
lel, and perhaps interconnected, signaling cascades that
control the formation of the ductal tree and lobulo-al-
veolar compartment. In the absence of prolactin or its
receptor, reduced ductal side-branching has been noted.
Other genes have been identified whose elimination also
affects mammary gland development, in particular, the
prolactin receptor (Ormandy et al. 1997) and cyclin D1
(Fantl et al. 1995; Sicinski et al. 1995). The transcription
factor C/EBPB controls fundamental aspects of cell fate
and ductal branching in the mammary gland, and its
function is autonomous to the epithelium (Robinson et
al. 1998; Seagroves et al. 1998). C/EBPB -null mice dis-
play little ductal outgrowth, branching and alveolar bud-
ding, and expression of milk protein genes is almost en-
tirely lacking. A recent paper by Seagroves and col-
leagues (Seagroves et al. 2000) now makes a connection
between C/EBPB and the PR. These authors showed that
the rather uniform expression pattern of PR in the im-
mature virgin switches to a scattered expression pattern
as branching and budding is initiated. Interestingly, in
their study only PR-negative but not PR-positive cells
underwent cell division during this inductive process. In
C/EBPB-deficient glands PR expression was not extin-
guished and proliferation and branching was impaired.
These results suggest that a selective, C/EBPB depen-
dent loss of PR enables a specific population of cells to
respond to paracrine signals and enter the proliferative
phase. At this point it is not clear whether the forced
expression of Wnt-1 could bypass this block, or whether
a lack of C/EBPB prevents a response to Wnt signals. In
addition, it is now important to establish whether ex-



pression of Wnt genes, especially Wnt-4, is impaired in
the C/EBPB null mutant.

Based on the available evidence we can predict a net-
work of signaling pathways that first determines the fate
of epithelial cells and subsequently induces branching
and budding through the actions of nuclear and secreted
signals (Fig. 2). Although there is no doubt that proges-
terone signaling is mandatory for ductal branching, there
is a continuing debate about which cells divide to form
side-branches. Seagroves and colleagues suggest that PR
is present uniformly in ductal cells prior to puberty and
that selective loss of this protein occurs at puberty, fol-
lowed by proliferation of PR-negative cells. In this
model, Wnt would be a paracrine cell proliferation sig-
nal. Other investigators have shown that PR-positive
MECs are clustered in terminal end buds and points of
lateral branching, the sites of highest cell proliferation
(Silberstein et al. 1996; Zeps et al. 1999). To obtain a
clearer picture it will be necessary to perform precise
colocalization experiments at different developmental
stages and in the available models with impaired mam-
mary development. Clearly PR-positive cells proliferate
in hormone dependent tumors and demonstrate that
Wnt is probably an autocrine signal. It is possible that
distinct signaling mechanisms exist and that at some
stage of tumor progression a transition occurs from para-
crine to autocrine signaling.

The family of Wnt proteins probably composes only
one arm of proliferative signals. Others include epider-

Figure 2. Progesterone-Wnt-induced paracrine/autocrine sig-
naling in MECs. Progesterone (green ovals) activates Wnt-4 gene
expression in PR- positive (black dots) cells. Wnt-4 is secreted,
binds to the frizzled (Fz) receptor (red ovals) and activates the
B-catenin pathway, which culminates in the activation of the
transcription factor LEF. The cyclin D1 gene is a direct target of
progesterone. Two distinct models of progesterone-mediated
cell proliferation have been proposed. In one model (A) proges-
terone will promote cell proliferation through Wnts and other
growth signals in PR-negative (A) and PR-positive (B and C)
cells. In the Seagroves model (Seagroves et al. 2000), progester-
one-induced cell proliferation during normal ductal develop-
ment is limited to PR-negative cells (A). However, it is clear
that tumor cells will proliferate independently of their PR sta-
tus.

Progesterone and Wnt in mammary gland development

mal growth factor (EGF) family members (Luetteke et al.
1999) and signals mediated by the prolactin receptor (Or-
many et al. 1997; Brisken et al. 1999) and Stat5a (Liu et
al. 1997) as evidenced by the phenotype of their respec-
tive gene knockout. In vitro results with mammary cell
lines also suggest that progesterone synergizes with
other growth factor signaling pathways to promote cell
growth (for review, see Lange et al. 1999). We anticipate
that the rapid accumulation of new knockout models
will help to dissect and integrate the contribution of
these different pathways to normal development and car-
cinogenesis.
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